Glial cell-line derived neurotrophic factor (GDNF)-mediated RET tyrosine kinase signaling is implicated in the survival of several PNS and CNS neuronal populations that are important in the pathogenesis of several disorders including Parkinson's disease and drug addiction. However, it has been difficult to study these processes and the physiological importance of this pathway in adult mice because of the neonatal lethality of Gdnf and Ret null mice. We report successful creation of RET conditional reporter mice to investigate postnatal physiologic roles of RET and monitor the fate of RET-expressing cell types. To delete RET specifically in dopaminergic neurons and determine the physiologic requirement of RET in the maintenance of substantia nigra compacta (SNC) and ventral tegmental area (VTA), we bred the RET conditional mice with mice that specifically express Cre from the dopamine transporter (Dat) locus. A detailed morphometric and biochemical analysis including dopaminergic neuron number and size in SNC and VTA, and fiber density in the striatum and nucleus accumbens, and dopamine levels indicate that RET is not required for providing global trophic support to midbrain dopaminergic neurons in adult mice. Furthermore, RET deficiency in these neurons does not cause major sensorimotor abnormalities. Hence our results support the idea that RET signaling is not critical for the normal physiology of the SNC and VTA in adult mice.
Introduction
The midbrain dopamine system, composed of the nigrostriatal, mesolimbic, and mesocortical pathways, has been implicated in a variety of neurologic disorders, including Parkinson's disease (PD) and psychological drug addiction. The proper function of the nigrostriatal system depends on dopaminergic neurons located within the pars compacta of the substantia nigra (SNC) that project to nuclei within the striatum. The dopaminergic neurons of the mesolimbic system are located in an area medial to the SNC known as the ventral tegmental area (VTA) that primarily innervates the nucleus accumbens (NAc), a major center that plays a role in reward-related behaviors, euphoria, and addiction (Koob et al., 1998) . Both PD and addiction are debilitating conditions accounting for significant morbidity and mortality.
One of the hallmarks of PD is the loss of dopaminergic neurons of the SNC. This results in dopamine depletion in the striatum and in sensorimotor abnormalities. Although dopamine replenishment is being used as a therapy for PD, the majority of patients eventually become refractory to this treatment. Therefore, delineating molecular mechanisms that regulate survival of the SNC dopaminergic neurons may provide an avenue for better treatment or prevention of PD. To this end, numerous studies in vitro, in animal models that recapitulate PD, and in human PD patients, have shown that glial cell-line derived neurotrophic factor (GDNF) family ligands (GFLs) promote increased survival of SNC dopaminergic neurons, reduce functional deficits caused by dopaminergic toxins, and improve parkinsonian symptoms (Gash et al., 1996; Cheng et al., 1998; Date et al., 1998; Horger et al., 1998; Kordower et al., 2000; Tomac et al., 2000; Sun et al., 2004; Jakobsen et al., 2005) . GFL ligands (GDNF and Neurturin) have been, or are in clinical trials in the treatment of PD (Gill et al., 2003; Slevin et al., 2005) . Furthermore, the GFLs also ameliorate addictive behavior to both narcotics and alcohol in rodents (Messer et al., 2000; Green-Sadan et al., 2003 He et al., 2005) . Although the therapeutic potential of GFLs to treat diseases associated with abnormalities in the dopaminergic system is certainly appreciated, the precise physiological role of GFLs in these dopaminergic pathways is not well defined.
The GFLs [GDNF, NRTN (neurturin) , ARTN (artemin) , and PSPN (persephin)] form a complex with the GDNF family coreceptors (GFR␣1-4) and receptor tyrosine kinase RET to activate downstream intracellular signaling cascades such as PLC␥ (phospholipase C␥), PI3K (phosphatidylinositol 3-kinase)/AKT, and MAPK (mitogen-activated protein kinase) (Baloh et al., 2000) . The activation of these cascades results in modulating cell survival, proliferation, migration, and apoptosis. Therefore, one postulated hypothesis has been that GFL-mediated midbrain dopaminergic neuron survival requires RET activity. Although RET signaling is not required for the embryonic development of neurons in the SNC or VTA (Airaksinen et al., 1999; Jain et al., 2004) , its direct role in their physiological maintenance or in the function of dopaminergic neurons in adulthood is not known. This is primarily the result of the neonatal lethality of Ret-, Gfr␣1-, and Gdnf-deficient mice that precludes an analysis of the adult dopaminergic systems in these animals.
To circumvent this problem and delineate the physiologic role of RET in SNC and VTA function, we have specifically deleted RET in dopaminergic neurons by breeding mice harboring a conditional RET allele with mice that express dopaminergic neuron specific dopamine transporter-driven Cre recombinase (DatCre). Morphometric analyses of adult mice lacking RET specifically in the dopaminergic neurons show no overt abnormalities in the number or size of tyrosine hydroxylase (TH)-positive neurons in the SNC and VTA, or in innervation density at their targets compared with controls. The levels of dopamine and dopamine metabolites were also normal in these mutant mice. Consistent with the normal morphological and biochemical findings, mice with RET conditionally deleted from the dopaminergic neurons did not exhibit significant sensorimotor abnormalities except for a modest reduction in locomotor activity. Thus, our results provide evidence that RET signaling in dopaminergic neurons does not play a significant role in providing global trophic support to neurons in the SNC and VTA in adult mice.
Materials and Methods
Animal generation. Institution-approved protocols were followed for all animal studies. To generate the RET conditional animals, we engineered a targeting construct that could be homologously recombined into the first coding exon of the Ret locus in an identical manner to the strategy we previously used to generate a number of Ret-knock-in mice (Enomoto et al., 2001; Jain et al., 2004 Jain et al., , 2006 . The targeting construct contained the human RET9 cDNA-SV40intronpolyA signal flanked by loxP sites (RETflox) followed by enhanced green fluorescent protein (EGFP) reporter and a neomycin resistance marker (neo) that was flanked by flp recombinase sites (FRT) (RETfloxEGFPfrt-neo-frt) (see Fig. 1 A) . For homologous recombination, we used 129Sv-derived R1 ES cells and the recombined allele was identified by Southern blotting (Jain et al., 2004) . Male chimeric mice were bred to transgenic mice expressing FLP recombinase to delete neo and the resultant mice harboring the RET conditional allele (RETfloxEGFP) were further propagated and used for experiments on a mixed genetic background (129/SvJ:C57BL/6). Routine genotyping to detect the wild-type or knocked-in RETfloxEGFP allele was performed using PCR (Jain et al., 2004) . Deletion of neo was confirmed with the forward primer P6334 (5Ј-CTCGGCATGGACGAGCTGTACAAG-3Ј) and the reverse primer P4828 (Jain et al., 2004) . Mice harboring the RETfloxEGFP allele were bred with ␤-actinCre mice (Meyers et al., 1998) and the progeny were genotyped by PCR with the forward primer P6855 (Jain et al., 2004) and reverse primer P8428 (5Ј-GCCGTTTACG-TCGCCGTCCAGCTCGACCAG-3Ј) to ensure successful conditional deletion of RET in vivo.
Tissue preparation and immunohistochemistry. Animals were anesthetized, killed by cervical dislocation, and perfused with 4% paraformaldehyde, and the fixed tissues were either paraffin embedded or cryoprotected with 30% sucrose for immunohistochemical studies (Jain et al., 2004; Naughton et al., 2006) . Unfixed whole embryos or fixed tissues were used to visualize EGFP in Ret RETfloxEGFP/ϩ :␤-actinCre mice to confirm successful RET deletion and validate the accuracy of EGFP expression in known RET-expressing cell types. Coronal brain cryosections (40 m) from adult mice (6 -12 months of age) were used for EGFP detection, tyrosine hydroxylase (TH) (Jain et al., 2004) , or RET immunohistochemistry (Naughton et al., 2006) in quantitative and morphometric studies (see below). The microscopic analysis used for EGFP detection in whole embryos or tissues and for immunofluorescence have been described previously . MetaMorph software was used to capture the images using the deconvolution option, and Adobe Photoshop CS and Corel Draw software were used for preparation of figures.
Quantitative analyses of TH-positive neurons and fibers. Coronal brain sections (40 m) were cut in series through the entire SNC and VTA. Immunohistochemistry with anti-TH antibodies was performed on freefloating sections to determine differences in dopaminergic neuron numbers, somal areas, or fiber density in mice expressing RET (at least one Ret "ϩ" allele present) or without RET (Ret deleted in dopaminergic neurons). Deletion of RET in these neurons was also confirmed with anti-RET antibodies and direct visualization of EGFP signal. For cell number, TH-positive neurons were counted in four sections (200 m intervals) from SNC and VTA corresponding to plates 56, 58, 60, and 62 in the mouse brain atlas (n ϭ 4 animals of each genotype) (Franklin and Paxinos, 1997) . From each coronal section, all TH-positive cells in the SNC and VTA were counted. Somal areas of SNC and VTA dopaminergic neurons were determined from Ͼ100 randomly selected TH-positive neurons across the SNC (three different SNC regions: lateral, middle, and medial; 12 different areas per mouse) and VTA (two VTA regions: central region of left and right VTA; eight different areas per mouse) per animal (n ϭ 4 animals of each genotype) using the NIH Image analysis software (ImageJ, version 1.62). Nuclear areas of TH-positive neurons from the SNC and VTA were also determined from the same sections as above. To determine differences in fiber density in the target regions of the SNC and VTA, the striatum, and the NAc, respectively, the area occupied by THpositive fibers was determined in coronal sections through the striatum (plates 19, 25, 34) and the NAc (plates 19, 22, 25) in a manner reported previously (Gundersen et al., 1988a,b; von Bohlen und Halbach et al., 2005) . To this end, images of striatum (single region from three different sections) and NAc (two different regions including core and shell regions, from three different sections) from each animal were accessed using ImageJ software, and a 10 ϫ 10 grid (100 grid marks) was used to determine the percent area occupied by TH-positive fibers by counting the number of grid marks overlying a fiber (four random areas were used from each region). For example, if TH-positive fibers crossed 50 grid marks, the percent area occupied was represented as 50%. For all quantitative studies, similar brain regions were sampled in each mouse. SigmaPlot software (SPSS) was used to determine statistical significance using the Student's t test (type I error, Ͻ0.05) between the means of the indicated parameters in the control and the conditionally deleted RET mice.
Tissue preparation and determination of dopamine and metabolite levels. Levels of dopamine and its metabolites [homovanillic acid (HVA); 3,4-dihydroxyphenylacetic acid (DOPAC)] were determined from striatum using HPLC (Pehek et al., 1992) . Briefly, animals were killed by cervical dislocation; the brains were rapidly removed, frozen on dry ice, and sliced on a precooled 1 mm mouse brain matrix (Plastics One, Roanoke, VA) with razor blades. These slices were kept on ice, and the striatum was dissected according to the mouse brain atlas (plates 24 -33) (Franklin and Paxinos, 1997) . The sections were kept frozen until ready for analysis as previously described.
Behavior studies. Two groups of mice, one with the conditional deletion of RET in dopaminergic neurons (RET deleted), and the other harboring at least one Ret wild-type allele (RET present) were evaluated on the tests described below. The genetic dosage of the dopamine transporter Dat was equivalent in all mice. The persons conducting the behavioral tests were "blinded" with regard to the genotypes of the mice for all measures.
One hour test of locomotor activity/open-field behavior. This procedure (Wozniak et al., 2004) involved measuring activity in transparent (47.6 ϫ 25.4 ϫ 20.6 cm high) polystyrene cages in which each cage was surrounded by a frame containing a 4 ϫ 8 matrix of photocell pairs, the output of which was fed to an on-line computer (MotorMonitor; Hamilton-Kinder, Poway, CA). The system software (Hamilton-Kinder) was used to define a 33 ϫ 11 cm central zone and a peripheral or surrounding zone that was 5.5 cm wide with the sides of the cage being the outermost boundary. Dependent variables included the total number of ambulations and rearings, as well as the number of entries, the time spent, and the distance traveled in the center area and the time spent and distance traveled in the periphery surrounding the center.
Sensorimotor battery. Tests in the sensorimotor battery are used to evaluate balance, strength, and coordination as well as initiation and speed of movement. These tests are sensitive for detecting sensorimotor disturbances (Wang et al., 2002; Grady et al., 2006; Griffey et al., 2006) . The battery (Wozniak et al., 2004) includes the following: inclined (60 and 90°) and inverted screen tests for measuring strength, and coordination; the platform and ledge tests for assessing balance and agility, walking initiation for evaluating initiation of movement, and pole test for measuring speed of movement during a complex motor task (e.g., bradykinesia).
Rotarod. To evaluate continuous motor coordination and balance the rotarod (Rotamex-5; Columbus Instruments, Columbus, OH) test was performed under three different conditions: a stationary rod (60 s maximum), a rotating rod with a constant speed (5 rpm for 60 s maximum), and a rod with an accelerating rotational speed (5-20 rpm over 0 -180 s) (Griffey et al., 2006) . The protocol included three training sessions, each session being separated by 4 d, in which each session included one trial on the stationary rod, two trials on the constant speed rotarod, and two trials on the "accelerating" rotarod. Time spent on the rod in each condition was used as the dependent variable. This protocol minimized motor learning to enhance test sensitivity.
Statistical analyses. ANOVA models typically containing two betweensubjects variables (genotype and gender) and sometimes one withinsubjects (repeated-measures) variable (e.g., trials) were used to analyze the behavioral data. The Huynh-Feldt adjustment of ␣ levels was used for all within-subjects effects containing more than two levels to protect against violations of sphericity/compound symmetry assumptions. Bonferroni-corrected p values were used when multiple comparisons were conducted.
Results

Strategy to generate RET conditional mice
The postnatal physiological roles of GDNF-mediated RET signaling are mostly unknown because of neonatal lethality of RETdeficient mice (Schuchardt et al., 1994 (Schuchardt et al., , 1996 Enomoto et al., 2001) . To overcome this obstacle, we engineered a "floxed" RET allele that could be conditionally deleted in those cell types that express the Cre recombinase (Fig. 1) . To monitor cells that conditionally lose RET, we cloned the EGFP reporter downstream of the floxed RET allele. In this strategy, EGFP is only expressed when the floxed RET allele is deleted. Using homologous recombination, we successfully targeted the floxed RET-EGFP conditional allele into exon 1 of mouse Ret locus using a knockout-knock-in strategy we have previously used to study several RET-mutant forms (Enomoto et al., 2001; Jain et al., 2004 Jain et al., , 2006 (see Materials and Methods). The conditionally targeted RET allele will be designated as RETfloxEGFP, and the presence of Cre denotes deletion of RET in the cell type expressing Cre. The homozygous RET conditional mice Ret RETfloxEGFP/RETfloxEGFP and hemizygous Ret RETfloxEGFP/Ϫ were viable through adulthood and had no gross abnormalities (Ͼ1 year) supporting the assumption that human conditional RET can support normal development.
To ensure proper functioning of the conditional RET allele in vivo (i.e., excision of RET and expression of EGFP), mice expressing the RETfloxEGFP allele were bred with ␤-actinCre mice. Robust expression of the EGFP reporter was detected in organs previously known to express RET during embryogenesis and in the postnatal period (e.g., kidneys, enteric nervous system, testis, DRGs, and spinal motor neurons) including the midbrain dopaminergic neurons of the SNC and the VTA in the resultant Ret RETfloxEGFP/ϩ :␤-actinCre mice ( Fig. 1 ) (data not shown). We also confirmed that complete deletion of the conditional allele by Cre (Ret RETfloxEGFP/RETfloxEGFP :␤-actinCre) in mice results in a phenotype identical to the previously reported conventional Ret- null animals (renal agenesis, intestinal aganglionosis, and normally developed midbrain dopaminergic neurons) at birth (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (data not shown) (Schuchardt et al., 1994; Enomoto et al., 2001) . These experiments confirmed successful RET excision and subsequent EGFP expression in mice harboring the conditional RETfloxEGFP allele, and hence confirming the usefulness of this conditional mouse to study postnatal roles of RET signaling (see below).
Specific and efficient excision of conditional RET allele in midbrain dopaminergic neurons mediated by Cre expressed from Dat locus Tissue-specific conditional deletion of genes is a powerful approach for studying postnatal function of genes whose loss during embryogenesis is lethal. Mice expressing Cre from the dopamine transporter locus (Dat Cre/ϩ ) exhibit highly efficient embryonic Cre-mediated reporter expression (Ͼ90%) in the dopaminergic neurons of the SNC and VTA (Zhuang et al., 2005) . We therefore reasoned that crossing RET conditional mice to the DatCre mice would allow us to specifically delete RET in the dopaminergic neurons of the SNC and VTA, thus enabling us to determine whether RET-mediated signaling is critical for the maintenance of these neurons. We performed a series of experiments to first determine whether Cre expressed from the Dat locus catalyzes efficient and specific deletion of RET from the SNC and VTA dopaminergic neurons in RET conditional mice.
For these studies, we generated compound hemizygous mice that express one conditional RET allele and one Cre allele (Ret RETfloxEGFP/ϩ :Dat Cre /ϩ ; the "ϩ" denotes the endogenous wild-type mouse allele). The advantage of using a hemizygous RET conditional allele in these initial characterization studies is that it allows simultaneous identification of cells in which RET has been deleted as indicated by the EGFP reporter and evaluation of the overlap with the endogenous RET-expressing cell population (from the "ϩ" allele) as determined by RET immunohistochemistry (see below), thereby allowing assessment of both specificity and extent of RET excision in dopaminergic neurons.
We first determined that RET can be excised by DatCre in Ret RETfloxEGFP/ϩ :Dat Cre /ϩ mice by monitoring EGFP expression. Robust EGFP signal was visualized in both the SNC and the VTA, indicating that Cre expressed from the Dat locus can successfully delete at least a single RET conditional allele in the SNC and the VTA (Fig. 2 A) . Results of immunohistochemistry with anti-RET or anti-TH antibodies and direct visualization of EGFP signal in Ret RETfloxEGFP/ϩ :Dat Cre /ϩ mice demonstrate virtually complete overlap between cells expressing EGFP (indicating deletion of conditional RET allele) and Ret-positive (representing the endogenous mouse wild-type allele) cells in both the SNC and the VTA neurons (Fig. 2 B) (data not shown). We also examined the timing of DatCre-mediated recombination at the Ret locus. We found that DatCre excises the RET conditional allele in virtually all dopaminergic neurons by birth, before the naturally occurring cell death occurs (supplemental Fig. 2 , available at www.jneurosci. org as supplemental material). These results further demonstrated that Cre expressed from the Dat locus is highly efficient in excising RET, consistent with the efficiency of this approach for other alleles (Zhuang et al., 2005) .
We next used RET immunohistochemistry and EGFP visualization to determine the specificity of RET deletion by DatCre in various RET-expressing CNS neurons. Results demonstrate that, in Ret RETfloxEGFP/ϩ :Dat Cre /ϩ mice, EGFP was readily detected in the dopaminergic neurons of the SNC and VTA (A9, A10 cell groups), but not in nondopaminergic RET-positive cell types such as red nucleus, CNIII nucleus, and locus ceruleus (Fig. 2C ) (data not shown), indicating that DatCre-mediated RET deletion in dopaminergic neurons is highly specific. The above characterization studies established that RET can be conditionally deleted specifically and with very high efficiency in midbrain dopaminergic neurons of both the SNC and VTA in mice that express both the RET conditional and the DatCre alleles.
Finally, we generated adult animals (8 -12 months of age) that express one Ret null allele ("Ϫ") and one conditional RET allele (dopaminergic conditional null animals) on the background of Dat Cre /ϩ mice to enable complete deletion of RET in dopaminergic neurons (Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ ). In these conditional null animals, visualization of the EGFP reporter indicates complete absence of RET. EGFP signal is readily visualized in the dopaminergic neurons of adult Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice, whereas RET is not detected in these neurons, thus demonstrating successful elimination of RET from the midbrain dopaminergic neurons (Fig. 3) (data not shown). Immunohistochemistry with anti-TH antibodies in these mice confirms the presence of dopaminergic neurons despite absence of RET. RET-expressing cells were detected in nondopaminergic cells, confirming the specific RET deletion only in the midbrain dopaminergic neurons as mentioned above. These results demonstrate that viable Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice were successfully generated to determine the physiological importance of RET in midbrain dopaminergic neurons (see below).
Morphometric analysis of midbrain dopaminergic neurons in RET conditional animals
Because known physiological effects of GFLs occur through RET, and because GFLs provide trophic support to dopaminergic neurons under stress, we next examined whether RET is physiologically required to provide trophic support for midbrain dopaminergic neurons in adult mice (8 -12 months of age). Cre /ϩ mice). Abnormalities in these parameters are typically seen in PD animal models and would indicate that RET is physiologically important in providing global trophic support to midbrain dopaminergic neurons.
We found that total cell counts of dopaminergic neurons determined from sections that encompass the entire SNC and VTA were similar in both the Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ (RET absent) and the control mice (RET present), indicating that RET is not essential for development or survival of these neurons (Fig. 4 A) . We also examined neuronal size because a decreased somal area despite normal cell number has been observed in other neuronal populations in which GFL-RET signaling is required for survival and maintenance (Gianino et al., 2003; Jain et al., 2004) . However, loss of RET in Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice did not significantly affect the somal area of neurons in the SNC or the VTA, again suggesting that RET is not required under normal physiological circumstances to provide trophic support to these neurons (Fig. 4 B) . We also did not find any difference between the nuclear areas of the TH-positive neurons (mean Ϯ SEM) of the control VTA (561 Ϯ 39) and RET-absent VTA (603 Ϯ 47), and that of control SNC (607 Ϯ 51) and RET-absent SNC (660 Ϯ 52) mice.
In other systems, RET deficiency results in abnormal target organ innervation (Jain et al., 2004 
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Cre/ϩ mice. Also, note that EGFP is not detected in the midbrain in mice that do not harbor the RET conditional reporter allele (Ret ϩ/Ϫ :Dat Cre/ϩ mice). Scale bars: top, 500 m; bottom, 100 m.
majority of dopaminergic neurons. Decreased striatal dopamine is observed in a number of PD models and reflects the activity of the nigrostriatal pathway. We therefore measured levels of dopamine and its metabolites in the striatum to further assess the impact of RET loss in the SNC on the nigrostriatal pathway. The levels of dopamine and its metabolites (DOPAC and HVA) were the same in Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice and control mice, indicating that loss of RET does not alter dopamine levels in the striatum (Fig. 4 D) .
Sensorimotor behavior analyses of RET conditional mice
In the enteric nervous system, reduced RET results in dramatic functional abnormalities despite relatively normal morphology (Gianino et al., 2003) . To determine whether mice in which RET is conditionally absent in dopaminergic neurons exhibit sensorimotor impairments despite apparently normal SNC morphology, we performed a battery of sensorimotor tests on adult (6 -12 months of age) Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ (n ϭ 7) and control mice (n ϭ 10) (6 -12 months of age) with at least one functional RET allele in the Dat Cre/ϩ background (n ϭ 10). It is important to note that, to avoid any unanticipated confounding effects of reduced Dat dosage on behavioral or metabolite levels (Giros et al., 1996) , we kept the genetic dosage of Dat equivalent (Dat Cre/ϩ ) in both the control and experimental groups. An ANOVA on the horizontal activity data (Fig. 5A ) yielded a significant main effect of genotype (F (1,13) ϭ 8.89; p ϭ 0.011), showing that the adult Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ (RET absent) mice were modestly but significantly less active than controls (RET present) in terms of total ambulations (whole-body movements) exhibited over the 1 h test session. There were no significant effects involving gender. Mice lacking RET in the midbrain exhibited normal rearing behavior but traveled less in the periphery of the field and made fewer entries into the center of the field (179 Ϯ 34) compared with controls (275 Ϯ 29) (F (1,13) ϭ 8.36; p ϭ 0.013) (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Because there were no differences between the two groups with regard to time spent and distance traveled in the center, the difference in center entries probably reflected differences in overall horizontal activity rather than in altered emotionality (e.g., anxiety-like behaviors) by Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice. Analysis of the data from other behavioral tests uniformly showed that the Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice did not differ from controls on any of the three components of the rotarod test or on any of the seven tests within the sensorimotor battery (Fig.  5 B, C; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Results from the constant speed (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) and "accelerating" rotarod ( Fig. 5B ) measures suggested that the groups did not differ in their abilities to maintain balance while performing a continuous motor coordination task. In addition, the lack of differences between groups on the stationary rod and in the sensorimotor battery suggested that the Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice did not have impairments in static balance, strength, initiation of movement, or in the speed of movement (e.g., pole test) (Fig. 5C) . We chose to show data from the accelerating rotarod and pole tests, because they are representative of the general similarity between RET-absent and RETpresent groups and because they are often used to evaluate motor/sensorimotor impairments in rodent models of PD (Tillerson et al., 2002; Fleming et al., 2004; Iancu et al., 2005) . In summary, our behavioral results suggest that the absence of RET in midbrain dopaminergic neurons is associated with modest decrements in locomotor activity, whereas most sensorimotor functions seem to be unaffected. Discussion GDNF-mediated RET signaling is implicated in the function of a variety of PNS and CNS neuronal populations that are central to the pathogenesis of a number of neurodegenerative diseases and drug addiction. Because of neonatal lethality in Ret null mice, the role of this signaling pathway in adulthood, both in normal physiology and in injury, has not been amenable to study. To overcome this hurdle, we report the successful creation and initial characterization of RET conditional mice that will be widely useful to test the importance of GFL-mediated signaling in the pathogenesis of several diseases. Furthermore, our strategy of EGFP reporter activation when RET is deleted provides a powerful way for detecting the cell types in which RET has been excised.
An important finding of our studies is that RET is dispensable for the maintenance and function of the dopaminergic neurons in the SNC and VTA in adult mice. Gene knock-out studies of GFLs and RET indicate that physiologic effects of GFLs are mediated by RET (Airaksinen and Saarma, 2002) . GFLs promote the survival of midbrain dopaminergic neurons in a number of models of PD. In animal models with markedly decreased or absent Ret signaling, it has been shown that Ret is not necessary for the embryonic development or the survival of the midbrain dopaminergic neurons perinatally (Airaksinen et al., 1999; Jain et al., 2004) . The midbrain dopaminergic neurons undergo two rounds of apoptosis in the first 2-3 postnatal weeks before attaining their differentiated, defined role in the midbrain (Burke, 2004) . Because neurodegenerative disorders such as PD are modeled in adult mice, we generated viable adult mice in which RET is specifically deleted in Ret-expressing dopaminergic neurons including the SNC and the VTA by using dopaminergic specific Cre (Cre expressed by Dat locus) (Zhuang et al., 2005) . Our extensive morphological, biochemical, and behavioral analysis demonstrate that RET deletion in both SNC and VTA dopaminergic neurons does not have deleterious effects on these cell types, as assessed by these parameters. Although our data demonstrate that Ret-mediated signaling does not affect the ultimate outcome (i.e., cell number) of the naturally occurring neural death (Burke, 2004) , it is certainly possible that the timing of the events was altered in the conditional animals.
There could be several possibilities that could explain the lack of deficits in the midbrain dopaminergic neurons in these conditional animals in which RET has been excised in these neurons. First, RET may not be important in the normal physiology of these neurons, but may have a protective role when these cell types are injured. To date, all protective effects of GDNF, both in vitro and in PD models, have been observed in abnormal physiological situations such as toxic injury or in cell culture, consistent with this idea. Future studies of RET conditional animals in injury models will be needed to examine this possibility. Second, it is possible that the neuroprotective role of RET may not be attributable to its activity directly in the midbrain dopaminergic neurons, but may be mediated by nondopaminergic cells such as microglia in which DatCre is not active (Walker et al., 1998; Honda et al., 1999) . If this is the case, then one must consider alternative target cell types for therapy in addiction and PD. A 4 functional Ret allele (RET present, n ϭ 10). Total ambulations (A) are represented in 10 min bins, and results showed a modest, but significant reduction in horizontal activity in the RETabsent group compared with controls during the 1 h of testing (mean Ϯ SEM; p ϭ 0.011). The groups did not differ in their abilities to remain on the accelerating rotatod (rotarod test; B), or with regard to the times required to climb down the pole during the pole test (C). third possibility is that the neuroprotective effects of GFLs might be occurring through non-RET-dependent signaling. In this regard, NCAM (neural cell adhesion molecule) has been shown to be a potential alternative means of mediating GDNF signaling; however, its physiological relevance in adult midbrain dopaminergic neurons has not been determined (Paratcha et al., 2003) . Finally, it is conceivable that abnormalities in these neuronal populations may be noticeable in aged mice (2-3 years of age), because cell loss in PD occurs slowly over time. Support for this idea also comes from the observation that mice with reduced levels of the receptors for BDNF (another neurotrophic factor shown to enhance dopaminergic neuron survival) have normal SNC neurons in adulthood (6 -8 months) but show a 20 -30% decrease in morphometric studies in aged mice (21-23 months) (von Bohlen und Halbach et al., 2005) . Our present study was aimed at successful generation of RET conditional mice and determining its physiological role in maintenance of dopaminergic neurons during the first year of life. Long-term studies will be needed to determine whether RET is required for SNC and VTA function in aged mice. Given the role of dopamine in movement disorders, our initial behavioral studies focused on the effects of RET deletion on several motor/sensorimotor functions. The results of our behavioral tests showed that Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice differed from control mice only in terms of locomotor activity in which Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice were found to be modestly hypoactive. This is consistent with results from other mouse models of PD involving MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) treatment (Sedelis et al., 2000; Leng et al., 2004) in which locomotor activity has been found, at least initially, to be reduced, although levels may return to normal or even become reversed over time (Leng et al., 2004) . Locomotor activity, pole, and rotarod tests are often-used measures for evaluating motor/ sensorimotor deficits in rodent models of PD. However, the results of the pole and rotarod tests did not provide evidence for a PD-like phenotype in Ret RETfloxEGFP/Ϫ :Dat Cre /ϩ mice, nor did it appear that these mice had any sensorimotor impairments. Although it is possible that test sensitivity could be an issue concerning the lack of differences between groups, we do not think that is likely. Although it is true that certain rotarod protocols have been found to be useful for demonstrating dopaminerelated sensorimotor deficits in some (Petroske et al., 2001; Baquet et al., 2005; Iancu et al., 2005) but not all (Tillerson et al., 2002; Fleming et al., 2004 ) mouse models of PD, the pole test has been recently touted as being a highly sensitive test for detecting subtle sensorimotor deficits in mice overexpressing wild-type human ␣-synuclein (Fleming et al., 2004) . The results of the pole test did not reveal any differences between Ret RETfloxEGFP/Ϫ : Dat Cre /ϩ and control mice. It has been our experience in several studies that mutant mice that exhibit performance deficits on the rotarod also show impairment on several other sensorimotor tests, which suggests to us that the lack of differences between groups in the present study is not attributable to dampened test sensitivity. The mechanism for reduced activity in Ret RETfloxEGFP/ϩ : Dat Cre /ϩ mice is not clear. We believe it is unlikely to represent a PD-like phenotype because all other tests of sensorimotor function and all morphological and biochemical indices showed no effects of RET deletion (in PD models, typically 30 -50% loss of SNC neurons occurs before manifestation of SNC-related behavior abnormalities). Alternatively, hypoactivity in these animals could also indicate a preparkinsonian phenotype or be attributable to differences in activities or levels of human and mouse Ret in nondopaminergic cells.
In summary, absence of significant pathology because of RET deletion in the SNC and VTA provides evidence in vivo for the first time that RET is not critical for providing trophic support to these neurons in adult mice. The RET conditional mice, and mice with expression of EGFP reporter from Ret locus provide critical tools to study postnatal RET function, and to ascertain whether RET signaling pathways are involved in transducing GFL survival signals in the midbrain dopaminergic system during injury or addiction.
